




Fig. 20. Electron micrograph and diffraction pattern from 
Ca(0H)2 + MgO: Otay bentonite mixture 
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Fig. 21. Electron micrograph and diffraction pattern from 
Ca(0H)2  + MgO: Otay bentonite mixture 
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diametrically opposite lattice points superimposed on the more 

regular pattern. This suggests that the second crystal may be 

composed of a smaller lattice in one dimension or else it may 

have non-hexagonal symmetry. The extreme brightness of the 

ring onto which both crystal patterns are superimposed suggests 

the presence of a number of such disarranged crystals super

imposed in the same pattern. Although certainly not a well 

crystallized sample, the hexagonal pattern could, of course, 

be one of several other materials with this symmetry but 

certainly it is not as well crystallized as mica or talc or 

one of the aluminates; these tend to give sharper and more 

extended patterns. 

Figure 22 shows a diffraction pattern composed of three 

diffraction rings from the gel-like material shown in the 

micrograph. A few scattered spots appear in the vicinity of 

the inside and middle diffraction rings, indicating the pos

sibility of material present with a higher degree of crystal-

linity. Two possibilities for interpretation exist. No 

absolute values for d-spacings can be established as was 

indicated earlier; however, relative values for the two d-

spacings anticipated for CSH Gel and two of the strong spacings 

for poorly crystallized CSH (I) are equal in absolute value 
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Fig. 22. Electron micrograph and diffraction pattern from 
Ca(0H)2 + MgO: Otay bentonite mixture 
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to the relative radii of the respective rings in the reciprocal 

space pattern. Table 4 in the Review of Literature shows 

three strong lines (col. 4). Diamond (14) in his x-ray was 

o o 
only able to get the same two lines at around 1.8 A and 3.0 A 

o 
for his CSH Gel as shown in Table 3. Assuming 3.03 A for the 

o 
inner ring on Figure 22, the second ring gives 1.78 A and the 

o 
outer ring 1.53 A. Thus identification as CSH Gel or poorly 

crystallized CSH (I) is possible. It is also of interest to 

note the appearance of a distinct single crystal diffraction 

pattern of near hexagonal symmetry superimposed on the rings. 

An exception is noted below but it may be that the material 

producing the rings is also the material producing the spots, 

as indicated by superposition of the two patterns. As a 

second possibility for interpretation, one may assume the hk 

reflections from a hexagonal aluminate (C^AH^) and index on 

this basis. This would allocate hki indices of 11* to the 

o o 
inner ring of 2.87 A, 30* to the second ring of 1.66 A and 

o 
22• to the outer ring of 1.43 A for spots actually observed. 

The spots also index the same. This assumes that long basal 

spacings are missing, as usual in this type material. 

This example suggests the possibility that CSH material 

can be intimately associated with CAH plates, as was noted in 
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an overlapping ringed and spotted electron diffraction pattern 

by Grudemo (24). In the present instance, most if not all the 

material is identified as C^AH-^. The absence of the sharp and 

extended pattern to be shown in Figure 24 was attributed to 

the effects of the hydrothermal treatment. Single crystals 

picked from this mixture showed only a few lines on a Debye-

Scherrer x-ray film using chromium radiation, as compared with 

unheated crystals. 

Room cured mixtures of lime-bentonite 

Figure 23 shows a micrograph at the top representing a 

typical view of a room cured mixture of Ca(OH)^ + MgO : Otay 

bentonite. Isolated fibers were noted, one of which is also 

shown; no diffraction pattern could be obtained. 

The edge of a crushed hexagonal single crystal is shown 

in Figure 24. The electron diffraction pattern shown was 

obtained from the lighter edge. It is the type pattern which 

a well crystallized hexagonal compound such as mica or talc 

would give. However, this is also characteristic of the 

pattern of some of the aluminates; Buttler, Classer, Dent and 

Taylor (10) found such a pattern for C^AH^g. In that this 

material was preferentially selected and mounted, this pattern 

is identified as one of the tetracalcium aluminate hydrates 
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Fig. 23. Electron micrographs from Ca(0H)2 + MgO: Otay 
bentonite mixture 
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Fig. 24. Electron micrograph and diffraction pattern from 
Ca(0H)2 + MgO: Otay bentonite mixture 



112 

given in Table 1. 

Another single crystal fragment from an isolated hexagonal 

compound was placed manually onto one of the grids. A micro

graph in Figure 25 shows thin plates with some curled into 

tubes, giving the appearance of fibers. This was found to be 

characteristic of CSH (I) by Grudemo (23). Unfortunately this 

detail was not visually evident under the microscope at high 

magnification so no diffraction pattern was attempted. In a 

more recent paper, Grudemo (24) indicates a very intimate 

association between hexagonal CAH plates, with tobermorite 

adsorbed on their surfaces. 

Another single crystal fragment is shown in Figure 26; it 

resembled the one shown in Figure 24. Attached material gave 

the accompanying diffraction diagram. Two rings composed of 

very diffuse spots may be identified. The ratio of d-fpacings 

for the strongest reflections of calcium carbonate compare 

favorably with the reciprocal ratio for the diameters of these 

rings. This sample is on the same grid and is probably one 

of the same crystals observed the previous day. On that 

occasion, the edges of fragments of the hexagonal crystals 

were noted to have a growth forming visibly under 20,000 X 

magnification. This occurred after the mount had been in the 
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Fig. 25. Electron micrograph from Ca(0H)2 + MgO: Otay 
bentonite mixture 
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Fig. 26. Electron micrograph and diffraction pattern from 
Ca(0H)2 + MgO: Otay bentonite mixture 
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beam under vacuum for a total time near one hour. Since 

carbon dioxide was present in large quantities, the material 

formed was probably CaCO^, resulting from carbonation of 

released water containing calcium from the parent compound ; 

note also discussion of Figure 24. 

Hexagonal crystals similar to those discussed above were 

removed from a room cured mixture of CaCOH^ : Otay bentonite 

and crushed. They were placed manually on the grids for 

observation. Figure 27 shows the edge of a crushed hexagonal 

single crystal giving an appearance of flat plates and three 

rolled tubes near the center of the micrograph. 

Figure 28 shows an electron micrograph of the space 

between several crushed hexagonal crystals, with what appears 

to be extensions of about 0.3(i from the main body of material. 

These give the appearance of rolls or tubes but without the 

characteristic flat plates, noted in Figure 25, which usually 

accompany such formations. The electron diffraction pattern 

in the absence of a scale factor can only be interpreted by 

assigning the strongest circle of spots to the strongest d-

spacing of possible compounds as was done on other such 

diagrams. Comparisons were then made by establishing 

reciprocal ratios of radii of other spotty circles to the 
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Fig. 27. Electron micrograph of Ca(0H)2: 

mixture 

Otay bentonite 



Fig. 28. Electron micrograph and diffraction pattern from 
Ca(0H)2: Otay bentonite mixture 
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strongest, then comparing with direct ratios of the strongest 

d-spacings of the compounds. When compared with strong spac

ings of the hexagonal crystal products, no correlation is 

evident. The data for the pattern of Figure 28, based on 

o 
assignment of the strongest line to 3.025 A, is as follows : 

3.69 vw, 3.025 s sp, 2.73 w sp, 2.46 s sp, 2.32 w sp, 2.11 

o 
s sp, 1.94 sp and 1.71 A sp. When.these spacings are compared 

with the results of Grudemo (23), two of the lines may be 

attributed to impurities in CSH (I), as shown in column 3 of 

o ° 
Table 4. Other spacings differ by 0.05 A to 0.10 A either 

side of his findings. When compared with Ca(OH)2> assigning 

o 
the strong spacing to 2.63 A, agreement is found with the next 

o 
four strongest lines but with a difference of about 0.07 A for 

the second strongest. Other compounds including Mg(0H)2 and 

CaCOg were compared ; no correlation was evident for the 

o ° 
Mg(0H)2. However, except for 0.07 A deviation from the 1.87 A 

spacing for CaCOg, every strong spacing less than and including 

o 
3.03 A is in agreement. The identification is uncertain but 

the evidence points to a CaCO^ formation, although different 

in appearance from that shown in Figure 27. 
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Infrared Spectroscopy 

Successive monochromatic bands of infrared irradiating a 

substance may be absorbed wholly or in part, depending upon 

the correspondence between the radiated frequencies and the 

intramolecular vibrational frequencies of the substance. The 

infrared spectrum is a graph showing the per cent of radiation 

absorbed by the substance plotted against the incident wave

length (or frequency). This graph is characteristic of a 

material and can be used in its identification, as in the 

present study. 

Pure compounds 

The eight strongest absorption bands in the spectra for 

the compounds represented in Figure 1 are shown in Table 6 in 

the order of diminishing absorption. Increased absorption is 

indicated by the downward deflection in a spectrum called a 

band ; maxima are therefore indicated as the wavelengths at the 

lowest points of the bands. 

Duplications occur between bands for several of these 

compounds. The 3.08p, band appears in both CSH Gel and crystal

line tobermorite. Near duplication occurs between the 7.Olp. 

band for C^AH^g and the 6. 96|_l band for crystalline tobermorite ; 

the 9.88 band for C^AH^g is near that for crystalline 
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Table 6. Infrared absorption spectra for pure compounds 

Compound 

Bentonite 

C4AH13 (48) 

C SH Gel (48) 

Crystalline tobermorite (48) 

Absorption bands, |_t 

9.75, 10.20, 9.00, 2.93, 10.98, 
2.76, 11.95, 6.12 

3.13, 7.01, 5.30, 13.00, 9.88, 
11.45, 15.50, 10.30 

10.64, 3.08, 2.77, 3.58, 6.77, 
7.20, 4.32, 12.40 

10.38, 9.85, 10.75, 3.07, 9.35, 
3.52, 6.96, 6.77 

tobermorite at 9.85|_i. The 10.20p. band for bentonite is near 

the 10.30|_i band for C^AH^y However, no duplications occur 

between the three strongest bands of these compounds. Patterns 

for the pure compounds CSH (I), CSH (II) and CSH Gel as well 

as tobermorite were found by other investigators to exhibit 

distinct infrared spectra. These will be used in conjunction 

with those given in Table 6 to identify the bands which appear 

in each mixture. Whenever the principal bands in a pure com

pound coincide or overlap with distinct bands in the pattern 

of a mixture, they are assumed to be present in the mixture. 

However, if one of the principal bands is missing or doubtful, 

then the presence of the compound in the mixture is open to 



121 

question. 

Dry mixtures of lime-bentonite 

Curves A in Figures 29, 30 and 31 show infrared spectra 

for dry mixtures of Otay bentonite with calcitic, dolomitic 

monohydrated and dihydrated limes, respectively. The absorp

tion bands, which remain after accounting for the bentonite 

spectrum given above, may be assumed to be associated with the 

lime in the mixture, as follows : for CaCOH^j 10.10, 6.74, 

6.95, 7.06, 11.45 and 3.43|_i; for Ca(OH)^ + MgO, 10.10, 2.70, 

6.75, 6.95, 11.45 and 3.42^; and for Ca(0H)2 + MgCOH^» 10.10, 

2.70, 6.74, 7.00, 7.06, 11.45 and 3.45^. The bands at 6.74 

and 10. lp are associated with MgO. Strong bands also occur 

for MgO near 10 and 11.6^. Bands at 6.95, 7.06 and 11.45^ 

may be associated with CaCOg, according to Midgley1 s findings 

(48). The weakest band at 3.43(j is the only one not attributed 

to other compounds which all three patterns have in common. 

The 2.70p. band is only common to the patterns for the mixtures 

containing Ca(0H)2 + MgO and Ca(0H)2 + Mg(0H)2• 

Room cured mixtures of lime-bentonite 

Calcitic lime plus bentonite The infrared spectrograph 

of this cured mixture is shown as curve B in Figure 29. Broad 

bands appear in this pattern with maximum absorption at the 
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following wavelengths: 2.74, 2.90, 5.5, 6.13, 6.74, 7.07, 9.0, 

9.80, 10.15, 11.00, 11.45, 12.00 and 12.65p. Bentonite, cal-

cite and the following new compounds are suggested by these 

bands. Identification is by comparison with published spectra 

on the pure compounds, the sources for which are given by 

author and reference following each compound : C^AH-^3, Midgley 

(48); CSH (I), Kalousek and Prebus (37) and Diamond (14); CSH 

(II), Kalousek and Prebus (37) and Van Bemst (63). A higher 

crystalline form of CSH is suggested by infrared data on tober-

morite by Diamond (14), although this is not indicated con

clusively by Midgley1 s (48) data. 

It will be noted that wavelengths at maximum absorption 

are displaced in some instances, giving a broader band. For 

example, the contribution of the 9.88p. band for C^AH-^ in the 

vicinity of the 9.75p bentonite is accounted for by the broader 

9.80p band. Thus the principal bands for the pure compound 

may not actually coincide with but will overlap with another 

band in the pattern for the mixture. It may be noted from 

Table 6 that a number of compounds contribute more or less to 

the absorption band around 10p. The most strongly absorbed 

wavelengths for CSH Gel and tobermorite appear at 10.64p (14, 

48) and 10.3-10.4p (14, 48) respectively. In the present 

pattern neither are evident by significant absorption bands at 



123 

5000 3000 2000 1600 1200 WOO 900 800 700 

Frequency (Cm"') 

Dry mixture: 

Cured mixture: 3yr. -23° C-100% R.H. 

Hydrothermal ly reacted cured mixtures: 
40°C-I2hr.: 

l05°C-l2hr.: 

Note: All samples vacuum desslcated 

3 5 6 9 12 13 14 2 4 7 8 10 II 
Wavelength (microns) 

Fig.29, Infrared spectrographs for Otay bentonite: CotOHig: H20 mixture 

( 1:0.45:1.62 Î 
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their respective wavelengths. Therefore their presence in this 

mixture is uncertain. 

Dolomitic monohydrated lime plus bentonite The infrared 

spectrograph for this cured mixture is shown as curve B in 

Figure 30. Broad bands appear in this pattern with maximum 

absorption at the following wavelengths : 2.72, 2.90, 3.44, 

6.15, 6.70, 7.05, 8.55, 9.82, 10.40, 11.00, 11.56, 11.8 and 

12.65|i. Bentonite and calcite are indicated. The presence of 

the following new compounds is suggested: C^AH^, Midgley (48); 

CSH (I), Kalousek and Prebus (37) and Diamond (14); CSH (II), 

Kalousek and Prebus (37) but not by Van Bemst's (63) pattern 

for this compound. A higher crystalline form of CSH is sug

gested from data on tobermorite by Diamond (14), although this 

is not conclusively indicated by Midgley's (48) data. The 

strongest band for CSH Gel overlaps other major absorption 

bands ; therefore, its presence is uncertain (14, 48). 

Dolomitic dihydrated lime plus bentonite The infrared 

spectrograph for this mixture is shown as curve B in Figure 31. 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths : 2.70, 2.77, 2.91, 4.33, 5.57, 

6.15, 6.84, 7.03, 8.98, 9.80, 10.10, 10.90, 11.46, 12.00, 

12.60 and I4.07(j. Bentonite and calcite are indicated. The 
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Fig.30 Infrared spectrographs for Otay bentonite: Ca(OH)^ • MgO : H20 mixture (1:0.45 : 1.62) 
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Fig. 31 Infrared spectrographs for Otay bentonite: Ca(0H)2 * Mg(0H)z : Hz0 mixture (1: 0.45 1.62) 
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presence of the following new compounds is suggested: C^AH-^g, 

Midgley (48); CSH (I), Kalousek and Prebus (37) and Diamond 

(14); CSH (II), Kalousek and Prebus (37) and Van Bemst (63). 

A higher crystalline form of CSH is suggested from data on 

tobermorite by Diamond (14), although this is not conclusively 

indicated by Midgley's (48) data. The strongest band for CSH 

Gel overlaps other major absorption bands; therefore its 

presence is uncertain (14, 48). 

Hydrothermally reacted cured mixtures of lime-bentonite 

The spectrographs for the cured mixtures of bentonite plus 

lime, after hydrothermal treatments, are shown by the types of 

lime used and the reaction temperatures. 

Calcitic lime plus bentonite 

40°C, 5 days, as shown by curve C in Figure 29 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths : 2.74, 2.92, 3.45, 4.30, 6.15, 

6.74, 7.07, 9.15, 9.74, 10.12, 10.95, 11.47, 11.98, 12.58 and 

12.85|i. Bentonite and calcite are indicated. The presence of 

the following new compounds is suggested: C^AH-^, Midgley 

(48); CSH (I), Kalousek and Prebus (37) and Diamond (14); 

CSH (II), Kalousek and Prebus (37) and Van Bemst (63). Con

clusive data for a higher crystalline form is not indicated by 
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the findings of Midgley (48) although pure compound studies by 

Diamond (14) strongly suggests tobermorite. Kalousek and 

Prebus (37) show only two bands, which are present here, while 

Kalousek and Roy (38) show bands near 2.9, 6.2, 8.3, 10 and 

11.2m, in good agreement with Diamond (14). The principal 

band for CSH Gel and those of other compounds overlap. Since 

no definite evidence of its contribution is noted, its presence 

is uncertain (14, 48). 

80°C. 4 days, as shown by curve 0 in Figure 29 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths; 2.77, 2.90, 3.41, 6.15, 6.74, 

7.05, 9.0, 9.86, 10.12, 10.40, 11.00 and 11.48|a. Bentonite 

and calcite are indicated. The presence of the following new 

compounds is suggested ; C^AH^g, by three of five bands shown 

by Midgley (48); CSH (I), Diamond (14) and Kalousek and Prebus 

(37); CSH (II), by Kalousek and Prebus (37) but not by Van 

Bemst1 s (63) data. Approximately the same indications for 

tobermorite and CSH Gel exist in this pattern as appeared in 

curve C and its presence is still uncertain. 

105°C. 12 hr.. as shown by curve E in Figure 29 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths : 2.77, 2.92, 3.42, 5.57, 6.15, 
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6.67, 7.05, 9.00, 9.80, 10.12, 11.48 and 12.60|_i. Bentonite 

and calcite are indicated. The presence of the following new 

compounds is suggested: C^AH^g, Midgley (48); CSH (I), Kalou

sek and Prebus (37) and Diamond (14); CSH (II), by Kalousek 

and Prebus (37) but not by Van Bemst's (63) data. The same 

indications appear here for tobermorite and CSH Gel as 

appeared in curve C. 

156°C. 12 hr.. as shown by curve G in Figure 29 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths : 2.78, 2.93, 3.48, 6.15, 6.78, 

7.02, 8.60, 9.00, 9.85, 10.12, 10.4, 11.00 and 11.45m. 

Bentonite and calcite are indicated. The presence of the 

following new compounds is suggested: C^AH^g, Midgley (48); 

CSH (I), Kalousek and prebus (37) and Diamond (14); CSH (II), 

by Kalousek and Prebus (37) data and possibly by that of 

Van Bemst (63). Presence of tobermorite in this pattern is 

indicated by comparison with the data of Diamond (14) and 

Kalousek and Prebus (37). However, only three of the four 

strongest bands found by Midgley (48) appear here. The in

tensity of the strongest tobermorite band, however, is 

increased slightly over that of curve E. 
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170°C, 12 hr. , as shown by curve H in Figure 29 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths : 2.90, 3.50, 6.12, 6.75, 6.90, 

8.60, 9.16, 9.75, 10.12, 10.37 and 11.43m. Bentonite and 

calcite are indicated. The presence of the following new 

compounds is suggested : C^AH^g, by three of the five strongest 

bands of Midgley1 s (48) pattern ; CSH (I), Kalousek and Prebus 

(37) and Diamond (14); CSH (II), Kalousek and Prebus (37) but 

not by data of Van Bemst (63). The increased intensity of the 

strongest tobermorite band found by Midgley (48) and Diamond 

(14) indicates the presence of this phase. Presence of CSH 

Gel remains doubtful because of overlapping of its strongest 

line with other compounds. 

Dolomitic monohydrated lime plus bentonite 

40°C, 5 days, as shown by curve C in Figure 30 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths : 2.72, 2.79, 2.90, 3.43, 6.13, 

6.70, 7.05, 9.00, 9.75, 11.00, 11.45, 11.85, 12.6, 12.70 and 

14.0m. Bentonite and calcite are indicated. The presence of 

the following new compounds is suggested : C^AH^g, Midgley 

(48); CSH (I), Kalousek and Prebus (37) and Diamond (14); 
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CSH (II), Kalousek and Prebus (37) and Van Bemst (63). Tober

morite is indicated by comparison with data of Diamond (14) 

and Kalousek and Prebus (37). A weak band appears for the 

strongest band of CSH Gel ; however, it overlaps strong bands of 

other compounds so its presence is uncertain. 

80°C, 4 days, as shown by curve D in Figure 30 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths : 2.72, 2.77, 2.90, 5.20, 6.13, 

6.80, 7.05, 9.00, 9.80, 9.90, 10.50, 10.8, 11.0, 11.45, 11.80, 

12.75 and 14.0|u. Bentonite and calcite are indicated. The 

presence of the following new compounds is suggested : C^AH^g, 

Midgley (48); CSH (I), Diamond (14) and Kalousek and Prebus 

(37); CSH (II), Kalousek and Prebus (37) and Van Bemst (63). 

Very weak indications appear in the pattern for tobermorite. 

The strongest band for CSH Gel overlaps strong bands of other 

compounds ; therefore, its presence cannot be definitely estab

lished. A definite change has occurred in this vicinity of 

the pattern, however, indicating changes related to one or 

more of these compounds. 

105°C, 12 hr.. as shown by curve E in Figure 32 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths : 2.71, 2.76, 2.90, 6.13, 6.77, 7.05, 
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9.10, 9.75, 9.85, 10.3, 10.95, 11.48, 12.00 and 12.75p. 

Bentonite and calcite are indicated. The presence of the 

following new compounds is suggested : C^AH-^, Midgley (48); 

CSH (I), Diamond (14) and Kalousek and Prebus (37); CSH (II), 

Kalousek and Prebus (37) and Van Bemst (63). Indications for 

CSH Gel and tobermorite are about the same here as in curve D 

in Figure 30 with some increased intensity noted around 10.4^. 

156°C. 12 hr., as shown by curve G in Figure 32 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths : 2.70, 2.92, 6.15, 6.70, 7.05, 9.1, 

9.73, 9.90, 10.4, 10.50, 11.00, 11.45, 12.00 and 12.70n. 

Bentonite and calcite are indicated. The presence of the 

following new compounds is suggested; C^AH^j, Midgley (48); 

CSH (I), Kalousek and Prebus (37) and Diamond (14); CSH (II), 

Kalousek and Prebus (37) and Van Bemst (63). The greater 

intensity in the vicinity of the 10.4^ band suggests strongly 

the presence of tobermorite. The strongest line for CSH Gel 

is not clearly indicated because of overlapping with other 

bands. 

l7O°C, 12 hr., as shown by curve H in Figure 32 

Broad bands appear in this pattern with maximum absorption 

at the following wavelengths : 2.92, 6.14, 6.75, 7.00, 8.50, 
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9.08, 9.70, 10.38, 11.00, 11.42, 12.0 and 12.6m. Bentonite 

and calcite are indicated. The presence of the following new 

compounds is suggested: C^AH-j^, by four of five strongest 

lines in Midgley1 s (48) pattern; CSH (I), Kalousek and Prebus 

(37) and Diamond (14); CSH (II), Kalousek and Prebus (37) and 

Van Bemst (63). Tobermorite is clearly indicated by the in

creased intensity of the band near 10.4m. Presence of CSH Gel 

is doubtful for the same reasons stated for curve G. 

Dolomitic dihydrated lime plus bentonite 

40°C. 5 days, as shown by curve C in Figure 31 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths : 2.70, 2.78, 2.92, 3.43, 6.13, 

7.02, 8.96, 9.80, 10.20, 10.95, 11.46, 11.95 and 12.75m. 

Bentonite and calcite are indicated. The presence of the 

following new compounds is suggested : C^AH^g, Midgley (48); 

CSH (I), Kalousek and Prebus (37) and Diamond (14); CSH (II), 

Kalousek and Prebus (37) and Van Bemst (63). Absorption in 

this pattern near 10.5m is somewhat more intense here than in 

curve B; the relationship to CSH Gel or tobermorite is 

uncertain. 
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80°C, 4 days, as shown by curve D in Figure 33 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths : 2.71, 2.78, 2.93, 3.40, 6.13, 

7.04, 9.00, 9.80, 10.02, 10,2, 11.0, 11.45, 12.00 and 12.65m. 

Bentonite and calcite are indicated. The presence of the 

following new compounds is suggested : C^AH-j^, Midgley (48); 

CSH (I), Diamond (14) and Kalousek and Prebus (37); CSH (II), 

Kalousek and Prebus (37) and Van Bemst (63). Very weak indica

tions appear in the pattern for tobermorite, with some reduc

tion of the 10.4m band ; the same indications for CSH Gel 

appear here as in curve C of Figure 31. 

105°C. 12 hr.. as shown by curve E in Figure 33 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths: 2.71, 2.78, 2.90, 3.98, 5.15, 

6.15, 6.75, 6.97, 8.98, 9.80, 10.10, 11.00, 11.45, 12.00 and 

12.65m. Bentonite and calcite are indicated. The presence of 

the following new compounds is suggested : C^AH^g, Midgley 

(48); CSH (I), Diamond (14) and Kalousek and Prebus (37); 

CSH (II), Kalousek and Prebus (37) and Van Bemst (63). Hardly 

any indication remains for the strong tobermorite band at 

10.4m. The presence of CSH Gel remains uncertain as in curve 

D. 
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Fig. 33 Infrared spectrographs for Otay bentonite : Ca(OH), • Mg(OH), : H,0 mixture (1:0.45:1.62) 
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156°C, 12 hr.. as shown by curve G in Figure 33 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths: 2.71, 2.78, 2.93, 3.42, 6.13, 

6.82, 9.00, 9.77, 10.15, 10.90, 11.45, 11.70, 11.95 and 12.6^. 

Bentonite and calcite are indicated. The presence of the 

following new compounds is suggested: C^AH^g, Midgley (48); 

CSH (I), Kalousek and Prebus (37) and Diamond (14); CSH (II), 

Kalousek and Prebus (37) and Van Bemst (63). The greater 

intensity at 10.4(_t is apparent here somewhat moreso than 

curve E; this indicates that tobermorite is probably also 

present in this mixture. 

170°C, 12 hr., as shown by curve H in Figure 33 

Broad bands appear in this pattern with maximum absorption at 

the following wavelengths : 2.70, 2.77, 2.93, 3.50, 6.16, 

6.88, 9.16, 9.80, 10.11, 10.98, 11.45, 11.98 and 12.63m. 

Bentonite and calcite are indicated although band maxima have 

shifted somewhat. The presence of the following new compounds 

is suggested: C^AH^g, Midgley (48); CSH (I), Kalousek and 

Prebus (37) and Diamond (14); CSH (II), Kalousek and Prebus 

(37) and Van Bemst (63). Increased intensities occur for the 

tobermorite band so it, too, is probably present in this 

mixture. 
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Electron Probe Analysis 

Two typical single crystals were selected from a sample 

of the dolomitic monohydrated lime bentonite mixture which had 

been open to laboratory atmosphere about four months. These 

were hexagonal in crystal habit. A Debye-Scherrer rotating 

single crystal film was made by x-ray diffraction using 

chromium radiation. Examination of the diffraction pattern 

showed these to be the same compound isolated by Glenn and 

Handy (22). As indicated in the earlier paper, the strongest 

o 
d-spacings at 7.9, 3.9 and 2.8 A correspond closely to the p 

form of C^AH-^3 studied by Buttler, Classer and Taylor (10). 

The mounted crystals were noted to have a general back

ground of calcium and silicon in the electron probe analysis. 

The composition and atom percentages of the crystals were as 

follows. Crystal number one indicated calcium (~40%), aluminum 

(weak) and silicon (~157=) ; crystal number two indicated calcium 

(~75-80%), aluminum (—15-20%) and silicon (weak). Relating 

these data, the approximate formula for the first crystal is 

CgSA? and for the second is C^.^AS?. 

A microscopic examination of the crystals after the 

examination revealed that crystal number one was completely 

covered by the Duco cement ; the surface of crystal number two 
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was apparently clear of foreign material. Results on the 

first crystal would necessarily be open to question because 

of contamination by the cement. The findings on the second 

crystal should be reliable ; the approximate composition is 

near that associated with the tetracalcium aluminates and it 

is therefore probably identified as C^AH^. 

Summary of Results 

The compounds formed in the lime-bentonite mixtures are 

tabulated according to three phases of treatment. Each table 

is arranged by mixture and method of analysis. Products 

formed in room cured mixtures are presented in Table 7. Table 

8 gives the products from hydrothermal treatment of freshly 

prepared mixtures. The products found in the room cured 

mixtures after hydrothermal treatment are listed in Table 9. 



Table 7. Summary of products of room cured mixtures 

Mixture 
Method 

Bentonite: 

(C/S = 0.69) 

Ca(OH)2 Bentonite: 
Ca(0H)? + MgO 
(C/S =0.45) 

Bentonite: 
Ca(OH)2 + Mg(OH)2 
(C/S = 0.39) 

X-ray diffraction C4AH13, CSH 
Gel 

I, II?! C 4 A H , C S H  I ,  
Gel 

II CSH I, II?, Gel 

DTA C^AH-^^» CSH I CSH I, Gel CSH II?, Gel 

Electron microscopy Flat plates, 
tubes 

rolled C4AH13, fibers, 
tubes, thin 
plates : CSH I 

Infrared spectroscopy C4AH13, CSH 
Gel? 

I, II, C4AH13, CSH I, 
Gel? 

II? C4AH13, CSH I, 
CSH II, Gel? 

Electron probe C4-5A 

a? - uncertain. 



Table 8. Summary of products of hydrothermal reaction of freshly prepared mixtures 

Method 
Mixture 

X-ray diffraction DTA 

Hydrothermal, 170°C 
Bentonite: Ca(OH)n 
(C/S = 0.69) 

Bentonite: Ca(OH)^ + MgO 
(C/S = 0.45) 

Bentonite: Ca(OH)^ + Mg(OH)? 
(C/S = 0.39) 

Bentonite: Ca(OH)^ + MgO 
Hydrothermal, 170°C 
C/S = 0.22 
C/S = 0.45 
C/S = 1.00 
C/S = 1.30 
C/S = 2.00 

11.7 A Toba CSH I, II? 

11.5 A Tob CSH I, II? 

11.2 A Tob CSH I. II? 

o CSH II?, Gel 
11.5 A Tob CSH I, II? 

CSH I, II? 
CSH I, II? 
CSH I, II? 

CSH II?, Gel 

CSH II? 

CSH II?, Gel 

CSH II 
CSH II 

aTob - tobermorite. 

k? - uncertain. 



Table 9. Summary of products of hydrothermal reaction of cured mixtures 

Method 
Mixture 

X-ray 
Diffraction 

DTA Infrared Spectroscopy 

Bentonite: Ca(OH)2 
(C/S = 0.69) 
Hydrothermal, °C 

40° 

80° 

105° 

145° 

156° 

164° 

170° 

C4AH13, CSH I 

CSH I 

CSH 

A1 Tob? or 
CSH II 

Tob?, CSH I, II? A1 Tob? or 
CSH I, II? 

12.6 Tob 

CSH I 

A1 Tob? or 
CSH I? 

11.7 Tob or CSH II? CSH I 

11.7 Tob or CSH A1 Tob?, 
II? CSH I 

C4AH13, Tob?a, CSH I, II, Gel? 

C4AH13?, Tob?, CSH I, II?, Gel 

C4AH13> Tob?> CSH I, II?, Gel? 

C4AH13, Tob, CSH I, II?, Gel? 

C4AH13, Tob, CSH I, II?, Gel? 

aTob - Tobermorite; ? - uncertain. 



Table 9. (Continued) 

Method X-ray 
Mixture Diffraction 

Bentonite: 
Ca(OH)2 + MgO 
(C/S = 0.45) 
Hydrothermal, °C 

40° C/AH-, o, CSH I 
Gel 

80° CSH I 

105° C4AH13, CSH I 

145° C4AH13, CSH I 

156° C / AH-, o? , 11.6 
Tob 

164° 

170° 11.6 Tob, CSH 
II? 

DTA Infrared Spectroscopy 

CSH I C4AH13> 

CSH I?, II? C4AH13, 

Al Tob? or C AH 
CSH I? 4 1J 

Al Tob C 4AH2 3 ; 

Al Tob or 
CSH I? 

Tob?, CSH I, II, Gel? 

Tob?, CSH I, II, Gel? 

Tob?, CSH I, II, Gel? 

Tob?, CSH I, II, Gel? 

Tob, CSH I, II, Gel? 

Al Tob C4AH13?, Tob, CSH I, II, Gel? 



Table 9. (Continued) 

Method X-ray DTA Infrared Spectroscopy 
Mixture Diffraction 

Bentonite: 
Ca(OH)2 + Mg(OH)2 
(C/S = 0.39) 
Hydrothermal, °C 

40 CSH I ? c4AHi3, Tob?, CSH I, II, Gel? 

80° CSH I, II?, ? C/AHq n, Tob?, CSH I, II, Gel? 
ctC2SH? 

105° CSH I, II?, ? C,AH1V Tob?, CSH I, II, Gel? 
ctC2SH 

145° 11 Tob?, CSH I, Al Tob or 
CSH II?, ctC2SH CSH I i 

156c 11.5 Tob, CSH I, Al Tob or C,AH1Tob, CSH I, II, Gel? 
CSH II? CSH I 

164° Al Tob or 

CSH I 

170° 11.5 Tob, CSH I, 
CSH II? 

C4AH13, Tob, CSH I, II, Gel? 
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DISCUSSION 

The previous chapter related detailed experimental results 

to previous work whereby the products were characterized. 

Tables 7, 8 and 9 presented summaries of the products formed 

in reactions between mixtures of bentonite and three types of 

lime. Any uncertainty indicated there for a product was, in 

most instances, with reference to the particular phase of the 

hydrate which was present. These compounds may be classified 

in two groups : the calcium silicate hydrates and the calcium 

aluminate hydrates. 

Calcium Aluminate Hydrates 

Curing under room conditions for periods up to two and 

one-half years produces the tetracalcium aluminate hydrates 

in bentonite mixtures with calcitic or dolomitic monohydrated 

lime. Identification of C^AH-^g was made using x-ray diffrac

tion, DTA and infrared spectroscopy. Slow scan x-ray dif

fraction techniques further indicated that another phase and 

lower hydrates of this compound were also present. Probable 

chemical composition was found by electron probe microanalysis. 

The absence of tetracalcium aluminates from the bentonite-

dolomitic dihydrated lime mixture was indicated by x-ray dif

fraction and DTA but not by infrared spectroscopy. It is 
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extremely doubtful that the latter method, as it was employed 

in this study, gave reliable results for characterization of 

this compound in these mixtures. As indicated earlier, only 

one spectra for C/AH^g was found in the literature for compari 

son. 

No aluminate hydrates were produced in freshly prepared 

lime-bentonite mixtures, hydrothermally reacted at 170°C for 

12 hours. 

As indicated above, only two of the three room-cured 

mixtures were found to contain calcium aluminate hydrates. 

When these three mixtures were hydrothermally reacted at 

various temperatures, modifications and compositional changes 

were indicated by x-ray diffraction. The calcium aluminate 

hydrate phase was noted by x-ray diffraction to persist only 

through the 40°C reaction in the mixture containing calcitic 

lime. It was found to persist through the 156°C reaction in 

the dolomitic monohydrated lime mixture. None of these 

phenomena were indicated by DTA. However, from x-ray dif

fraction and DTA, incidence of possible aluminum substitutions 

in the calcium silicate hydrate phase seems to be related to 

the apparent diminishing crystalline character of the 

aluminate. The C^AH^g product is indicated by infrared 

spectroscopy in all mixtures and under every hydrothermal 
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condition. This result is questionable, for reasons cited 

earlier. 

Calcium Silicate Hydrates 

All methods of analysis show that the calcium silicate 

hydrates, CSH (I), CSH Gel and possibly CSH (II) are produced 

by room curing of all three lime-bentonite mixtures. 

Freshly prepared mixtures of bentonite with calcitic 

lime (C/S ratio^ = 0.69), dolomitic monohydrated lime (C/S 

ratio = 0.45) or dolomitic dihydrated lime (C/S ratio = 0.39) 

after hydrothermal treatment at 170°C for 12 hrs. were found 

by x-ray diffraction to contain well crystallized tobermorite, 

CSH (I) and possibly CSH (II). Results by DTA indicated 

calcium silicate hydrates but with uncertainty of the exact 

phases present. 

Freshly prepared mixtures of variable C/S ratio (0.22-

2.00) from dolomitic monohydrated lime and bentonite were 

found to produce calcium silicate hydrates in every instance. 

CSH Gel, CSH (I) and possibly CSH (II) were produced in the 

mixture at the lowest C/S ratio of 0.22. As indicated above, 

tobermorite was only produced in the mixture at a C/S ratio 

"*"C/S ratio based on chemical composition of bentonite : 
52% SiOg (39). 
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of 0.45. CSH (I), and possibly CSH (II), are the only products 

noted in the mixtures of higher C/S ratio. The C/S ratio of 

0.45 appears to be near the optimum for producing well crystal

lized tobermorite by this treatment. 

Cured mixtures of lime-bentonite, after hydrothermal treat 

ments at various temperatures, were found to contain several 

calcium silicate hydrate phases. CSH (I) was noted by x-ray 

diffraction in all mixtures after the 40°C treatment. The 

mixture containing calcitic lime was noted by DTA to contain 

an unidentified CSH phase after 40°C treatment ; DTA results 

were uncertain for the other two mixtures. Indications by 

infrared spectroscopy of CSH Gel, CSH (II) and tobermorite 

in the mixtures after low temperature treatments were noted 

in the previous chapter to be uncertain; however, general 

agreement by several authors on the CSH (I) spectra lend more 

credence to its use for identification. CSH (I) was indicated 

to be present in this mixture by this method. 

Mixtures of bentonite with calcitic or dolomitic mono

hydrated lime after the 80° and 105°C treatments were found 

by x-ray diffraction, DTA and infrared spectroscopy to contain 

CSH (I). CSH (II) and a higher crystalline form are suggested 

for the mixture containing calcitic lime but not by x-ray 
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diffraction. DTA results for the mixture containing dolomitic 

dihydrated lime are uncertain; x-ray diffraction indicated 

CSH (I) and possibly CSH (II) and aCgSH. The 80° and 105°C 

treatments have apparently modified the cured mixtures as 

follows. The CSH Gel is no longer present ; the CSH (I) has 

persisted to an unknown extent. Conversion of one or both 

compounds or production of new phases is suggested. 

Higher temperature treatments caused more noticeable 

changes. Highly crystalline CSH (I) or tobermorite definitely 

appears in all cured mixtures after treatments at 156°C. This 

is indicated by DTA in the mixtures containing the dolomitic 

monohydrated or dihydrated lime after 145°C but only by x-ray 

diffraction for the dihydrated lime mixture. Both x-ray 

diffraction and DTA indicate that these CSH phases have inter

mediate lime contents (~1.2-1.4). X-ray diffraction and DTA 

gave evidence for aluminum substitution in the CSH lattice ; it 

appears in all mixtures containing dolomitic lime after the 

156° treatment. After the 164°C treatment, x-ray diffraction 

indicates conclusively the presence in all mixtures of well 

crystallized tobermorite with aluminum lattice substitutions. 

Persistence of other CSH compounds is inconclusive because 

identification criteria overlap. The probability that most 
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of the CSH compounds have been modified to produce tobermorite 

and that aluminum substitution has occurred are suggested by 

x-ray diffraction and DTA; tobermorite is more clearly indi

cated by infrared spectroscopy as well. 
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CONCLUSIONS 

Calcitic or dolomitic monohydrated lime mixed with 

bentonite and water (weight ratio of 0.45 : 1.00 : 1.62) 

produce the tetracalcium aluminate hydrates during two and 

one-half years curing at room temperature. 

Calcitic, dolomitic monohydrated or dihydrated lime 

mixed with bentonite and water (weight ratio of 0.45 : 1.00 : 

1.62) produce the lower crystalline forms of the calcium 

silicate hydrates, namely, CSH Gel, CSH (I) and possibly 

CSH (II), during two and one-half years curing at room 

temperature. 

The reaction products formed by curing at room temperature 

for periods up to two and one-half years have no apparent 

influence on the subsequent production of well crystallized 

tobermorite by hydrothermal treatment (170°C, 12 hours). 

Hydrothermal treatments at lower temperatures indicate that 

these phases may be utilized in the reactions with other 

components at intermediate and higher temperatures to produce 

the highly crystalline form of tobermorite above 155°C. 

Substitutions by aluminum in the tobermorite lattice are also 

indicated. 

X-ray diffraction was found to be the most effective and 
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versatile method for identification of the products of the 

lime-bentonite-water reaction, either from room curing condi

tion or hydrothermal treatment. DTA provided clarification 

at certain points in the investigation. Infrared spectroscopy 

results were generally inconclusive because of limited and 

conflicting data in the literature with which to correlate. 

Electron microscopy and electron probe microanalysis were 

used only to a limited extent ; therefore, evaluations are not 

made. Whether or not these and DTA and infrared spectroscopy 

methods can be made more effective awaits the outcome from 

their use in further studies of the pure compounds found in 

these mixtures. Standardization of technique is strongly 

suggested so that the results may be used in correlation 

studies for identification. 

The schematic in Figure 34 was suggested by the results 

of this study. 
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